Abstract: Glasses are widely used in modern society, mostly for achieving brightness for buildings, transportations etc. Here a transparent triboelectric generator (TEG) based on commercially available glasses and PDMS plates is proposed and fabricated to harvest mechanical energy. Using flat glass and PDMS plates, an open voltage up to 850 V, 20.6 μA short circuit current and 3.13 mW power are achieved for devices with 5 cm × 5 cm dimension, whereas the transparency of glass and PDMS structures exceeds 81% and 89%, respectively. The TEGs show excellent mechanical stability and reliability upon cyclical contact for 10,000 times. The voltage and power outputs of the glass based TEGs improve with increasing contact force, frequency and distance, and with decreasing glass thickness and humidity level. Our results demonstrate the feasibility to utilize abundant glass windows to fabricate transparent TEGs for energy harvesting, which could make a great contribution to the sustainable development.
Introduction
Renewable energy and their technologies are highly sorted nowadays for sustainable development and preservation of good environment, not just for our generation, but also for next generations. Many renewable energy technologies such as solar cells, [1] [2] [3] solar thermal systems, [4, 5] biofuels [6, 7] and tidy-or wave-based generators [8, 9] etc, have been developed in large scales, to partially replace fossil fuel based energy resources and reduce the catastrophic impact to environment and greenhouse effect. For small scale, energy harvesting technologies such as microgenerators based on piezoelectric [10] [11] [12] and pyroelectric [13, 14] effects etc have been intensively studied and exploited for applications.
Microgenerators utilizing the electrostatic and electrification effects, [15, 16] the so-called triboelectric generators (TEG), to produce electricity is one of the latest technologies. TEGs can convert waste mechanical energies such as vibration, impact, shock and natural forces such as wind and rains into electricity. [17] [18] [19] So far, TEGs are mostly used to power sensors and microsystems. However, the output voltages and powers of TEGs could be up to several thousands of volts and 30 mW/cm 2 , [20, 21] much higher than those by other microgenerator technologies, therefore it can be renewable energy, not only for sensor networks and microsystems, but also possibly for high power applications if potential resources can be utilized. Furthermore, TEGs have much higher energy conversion efficiency, up to 80% [22] , compared to other microgenerators, much simpler device structures and fabrication processes, and can be made at much lower cost with no request for cutting-edge technology and clean room manufacturing environment.
Glass has been intensively used in modern society, in skyscrapers, houses, transportations etc, it could become a vast energy resource if it can be utilized for energy generation or harvesting. Transparent solar cell has been proposed to convert Sun light into electricity [23] , however the necessity to absorb light by solar cells for electricity generation directly conflicts the original purpose of glasses used in buildings etc, therefore, transparent solar cells will have limited success and application. Glasses have high positive electronic affinity in triboelectric series, and thus are particularly suitable for the fabrication of TEGs, but so far no glass based TEGs work has been reported.
Here we propose to develop transparent TEGs using commercially available glasses and polydimethylsiloxane (PDMS) as the triboelectric materials. The simple TEGs show an open-voltage, short-circuit current and power up to 850 V, 20.6 μA and 3.13mW, respectively, for a device area of 5 cm × 5 cm. The integrated devices have the transparency 73.6% in visible light region, thus would not affect the brightness of buildings at all, demonstrating its great potential for application. With further development of this technology, it is anticipated that the abundant glasses in modern society could be turned into massive devices and systems to harvest waste mechanical energies such as wind, vibration, impact etc, which could make a significant contribution to the forthcoming era of sustainable development.
Fabrication and experimental setup
There are mainly three modes of TEGs, namely the vertical contact-separation mode, lateral sliding mode and single electrode mode. [24] We use the vertical contact-separation mode for our transparent TEGs demonstration. Figure 1( The glass samples were then annealed to obtain better electric conductivity and optical transparency using rapid thermal annealing machine (RTP-CT100M) at 300 °C for 5 min in N 2 atmospheric pressure. After that, an acrylic layer was used as the support and protection layer, which was glued to the ITO electrode.
A PDMS (184 Silicone Elastomer, Dow corning Co. Ltd.) solution (at a ratio of 10:1 for the base to the crosslinker by mass) was spun on the ITO/glass (1 mm) substrate at 1100 rpm for 10 seconds to obtain a PDMS layer with a fixed thickness of ~100 μm for all the devices.
The PDMS layer was cross-linked on a hotplate at 95 °C for 25 min. tape was attached between the acrylic and ITO layer in the glass structure to lead out the copper wire for testing, and for the PDMS structure, the Al tape with a copper wire was pasted between the PDMS and ITO layer. A spectrophotometer (Hitachi Model U-4100) was used to characterize the optical transmittance of the PDMS and glass structures quantitatively. As shown in Figure 1 (c), the transparency of the glass structure is ~81% in visible-light region, and is almost the same for the structures with different glass thicknesses. The PDMS structure has an optical transmittance of ~89%, better than that of the glass structures. The transparency of the integrated devices with the PDMS and glass layers is 73.6%, comparable to those reported transparent TEGs of various materials. [16, 19, 26] The experimental setup for characterizing the contact-mode TEG performance is shown in Figure 2 (a). A dynamic fatigue tester (Popwil Model YPS-1) was used to control the cyclic contact of the two plates of the TEGs. The tester is able to control the movement, force and frequency through programming. An oscilloscope (Tektronix MDO3022) and a picoammeter (Keysight B2981A) were used to measure the output voltage and current of the TEGs, respectively. As shown in Figure 2 (b), the PDMS and glass parts of a TEG were attached to the upper fixed part and lower movable part of the fatigue tester, respectively, using an adhesive tape. The current and voltage of the TEG were acquired by connecting copper wires of the TEGs to the probes of the oscilloscope and picoammeter. 
Results and discussion
The output performance of TEGs is highly dependent of the contact mode, distance, frequency and the force imposed, that affect how many electrons being electrostatically inducted and transferred. In all our tests, the glass part was moved vertically to make a contact with the PDMS plate. 
where R, t, ε 0 , x(t) and S represent the external load resistance, time, vacuum permittivity, distance between the two plates and contact area, respectively. d 0 is the effective thickness constant of a TEG, which is defined as,
where d 1 and d 2 are the thickness, ε r1 and ε r2 the relative permittivity of the upper and lower triboelectric material layers, respectively. The Q from Equation (1) can be solved by setting the boundary condition as follows,
Initially, both t initial and Q initial are equal to zero. Once the plate starts to move, the current I is generated, which can be calculated by Humidity affects the TEG performance significantly. [30, 31] We also measured the electric performance of the glass TEGs under different humidity. The TEG with 0.18 mm glass was chosen as an example for this experiment. The distance between PDMS and glass plates, contact force and frequency was 4 mm, 50 N, 5 Hz, respectively. As shown in Figure   6 (a) and 6(b), the SC current and OC voltage are 19.6 μA and 712 V under 36% relative humidity, and decrease to 1.8 μA and 41.6 V when the relative humidity is 68%. Figure 6 (c) and 6(d) show the power of the TEG versus load under various humidity and dependence of the peak power on humidity. It is clear that the peak power saturates at about 2.6 mW for this device when the humidity is 36%RH or lower, and becomes almost zero when the humidity is 65%RH or higher. For a material used in the TEGs, surface charge density is almost constant, the maximum power which can be generated by the TEG would be fixed, therefore further reduction of humidity would not increase the peak power. On the other hand, the surface conductivity of the material surface increases dramatically when humidity increases to a certain level [30] , which will lead to the leakage of charges generated by triboelectric induction, no power is generated. The change of power conversion is drastic in the range between 45-60%. The results indicate it is better to avoid using TEGs in high humidity condition. By the way, it can also be seen from Figure electron affinity or alter the material properties to achieve this; 3). Increase surface charge density either using polarized materials or injecting charges into the surface of the insulators. [34, 35] TEGs with a peak power over 300 W/m 2 have been achieved using the combined techniques discussed above. [20, 21] We expect that the power output of glass based TEGs would increases dramatically by using these methods for the glass and PDMS layers, particularly the ion injection method, thus it is possible to turn the abundant glass windows in modern society into useful energy conversion devices and systems to harvest waste mechanical energy such as wind, rains, vibration, shocks and impacts etc, which could contribute a great deal to the sustainable development.
Conclusion
In summary, transparent TEGs based on glass and PDMS structures have been fabricated and characterized. The transparency of glass and PDMS structures is over 81% and 89%, respectively. The glass based TEGs showed better energy harvesting performance (voltage, current and power) under higher contact force and frequency. The electric performance of the TEGs improved significantly with the use of thinner glass and operating at humidity lower than 45%RH. The TEG using 0.55 mm glass showed a performance with an OC voltage of 500 V, a SC current of 20.6 μA and peak power of 3.13 mW. The TEGs also showed stable performance after 10000 times cyclic contact tests. The work has shown that glass based
TEGs have good performance with excellent stability and reliability, and has demonstrated the feasibility to turn the abundant glass windows into devices and systems for energy harvesting. 
